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ABSTRACT 


This  report  covers  in  detail  the  research  work  of  the  Solid  State  Division  at 
Lincoln  Laboratory  for  the  period  1  February  through  30  April  2000.  The  topics 
covered  are  Quantum  Electronics,  Electro- optical  Materials  and  Devices, 
Submicrometer  Technology,  Biosensor  and  Molecular  Technologies,  Advanced 
Imaging  Technology,  Analog  Device  Technology,  and  Advanced  Silicon 
Technology.  Funding  is  provided  by  several  DoD  organizations — including  the 
Air  Force,  Army,  BMDO,  DARPA,  Navy,  NS  A,  and  OSD— and  also  by  the  DOE, 
NASA,  and  NIST. 
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INTRODUCTION 


1.  QUANTUM  ELECTRONICS 

Temperature  dependence  of  the  breakdown  voltage  VB  due  to  impact  ionization  at  high  electric  fields 
for  reverse-biased  GaN  p-n-n+  diodes  has  been  measured  at  temperatures  T  between  98  and  248  K,  and  the 
observed  increase  of  VB  with  T  is  in  excellent  agreement  with  a  simple  model  for  the  scattering  of  carriers 
by  phonons  with  an  effective  energy  of  42  meV.  The  impact  ionization  coefficients  for  the  electrons  and 
holes  are  nearly  equal,  and  their  geometric  mean  has  the  value  4  x  104  cm"1  at  the  breakdown  electric 
fields,  in  good  agreement  with  recent  theoretical  results  for  300  K. 

2.  ELECTRO-OPTICAL  MATERIALS  AND  DEVICES 

A  technique  for  the  measurement  of  misfit  strain  relaxation  of  quantum-dot  heterostructures  has 
demonstrated  complete  misfit  strain  relaxation  in  PbSeTe  quantum-dot  heterostructures  within  a  PbTe 
matrix.  Moire  patterns  are  obtained  using  a  transmission  electron  microscopy  technique  and  are  quantita¬ 
tively  analyzed  to  determine  the  lattice  spacing,  and  hence  state  of  strain,  of  the  quantum-dot  material  with 
respect  to  the  unstrained  matrix. 

3.  SUBMICROMETER  TECHNOLOGY 

A  157-nm  interference  lithography  system  capable  of  patterning  features  at  sub-100-nm  pitch  has 
been  implemented.  Initial  results  demonstrate  ~50-nm  line  and  space  patterns  exposed  in  a  commercial 
deep-ultraviolet  photoresist  with  little  line  edge  roughness. 

Electron  beam  imaging,  with  200-nm  resolution,  has  been  demonstrated  using  a  new  encapsulated 
inorganic  resist  material.  This  approach,  which  combines  an  inorganic  core  molecule  with  a  photochemi- 
cally  active  layer,  is  compatible  with  conventional  resist  application  and  development  techniques,  and  it 
achieves  superior  plasma  etch  resistance. 

4.  BIOSENSOR  AND  MOLECULAR  TECHNOLOGIES 

The  development  of  the  CANARY  (Cellular  Analysis  and  Notification  of  Antigen  Risks  and  Yields) 
bioelectronic  sensor,  which  utilizes  B  cells  in  a  microfluidic  chip,  has  been  undertaken  to  detect  and  iden¬ 
tify  pathogens  in  the  environment.  As  field  conditions  will  expose  the  sensor  to  a  variety  of  potentially 
toxic  contaminants,  the  effect  of  several  of  these  contaminants  on  the  viability  of  B  cells  has  been  evalu¬ 
ated. 


5.  ADVANCED  IMAGING  TECHNOLOGY 


Several  antireflection  coatings  have  been  investigated  for  use  on  back-illuminated  charge-coupled 
device  imagers,  both  to  improve  the  quantum  efficiency  from  the  visible  to  the  near  infrared  as  well  as  to 
reduce  Fabry-Perot  interference  effects  in  the  infrared.  A  two-layer  coating  of  Hf02  and  Si02  has  given 
good  results  in  both  respects. 

6.  ANALOG  DEVICE  TECHNOLOGY 

Photonic  beamforming  networks  for  wideband  rf  phased-array  antenna  systems  have  demonstrated 
significant  performance  advantages  compared  to  all-rf  designs.  In  addition,  they  offer  reduced  size,  weight, 
and  power. 

7.  ADVANCED  SILICON  TECHNOLOGY 

Two  novel  microelectromechanical  systems  (MEMS)  switch  designs  have  been  developed  and  fabri¬ 
cated  in  Lincoln  Laboratory’s  Microelectronics  Laboratory  using  silicon  CMOS  processing  techniques. 
The  characteristics  of  the  devices  have  been  measured. 
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1.  QUANTUM  ELECTRONICS 


1.1  TEMPERATURE  DEPENDENCE  OF  THE  BREAKDOWN  VOLTAGE  FOR  REVERSE- 

BIASED  GaN  p-n-n+  DIODES 

Gallium- aluminum  nitride  (Ga^Al^N)  photodiodes  are  being  developed  for  solar-blind  uv 
applications  [l]-[4].  There  are  also  reports  of  avalanche  photodiodes  (APDs)  that  operate  in  the  linear 
mode  with  gains  between  10  and  20  [5], [6].  We  have  recently  developed  a  GaN  p-n-n+  APD  that  has  been 
successfully  used  in  the  Geiger  mode  for  the  detection  of  single  uv  photons  [7].  Here,  we  report  on  the 
temperature  dependence  of  the  avalanche  breakdown  voltage  VB  for  a  reverse-biased  p-n-n+  diode  at 
temperatures  between  98  and  248  K.  The  observed  temperature  dependence  of  VB  is  found  to  be  in 
excellent  agreement  with  a  simple  model  for  the  scattering  of  electrons  and  holes  by  phonons.  Previously, 
avalanche  breakdown  was  reported  for  GaN  p-TT-n  diodes  [8]  and  GaN  p-n  diodes  [9]  in  the  temperature 
range  from  300  to  600  K.  However,  the  temperature  dependence  of  the  breakdown  voltage  in  both  of  these 
cases  was  smaller  than  that  expected  from  the  phonon  scattering  model.  Before  presenting  the  results  for 
the  breakdown,  we  discuss  the  effect  of  donor  impurity  compensation  on  the  hole  concentration  in  the  p 
layer.  We  also  present  the  results  of  the  capacitance- voltage  (C-V)  measurements,  which  yield  information 
on  the  width  of  the  depletion  region  as  well  as  on  the  concentrations  of  donor  impurities  in  the  n  and  n+ 
regions. 

The  /?,  n,  and  n+  layers  of  the  diode  structure  were  deposited  on  a  -7-/im-thick  unintentionally  n- 
type  (<10  cm  )  GaN  film  on  a  sapphire  substrate,  using  hydride  vapor  phase  epitaxy  (HVPE)  [10], 
where  GaCl,  obtained  by  passing  HC1  over  metallic  Ga,  is  reacted  with  NH3  to  form  GaN.  The  entire  film, 
including  the  diode  structure,  was  produced  by  HVPE  in  an  uninterrupted  growth  cycle  on  a  sapphire 
substrate  prepared  with  a  ZnO  pretreatment.  The  layer  was  doped  with  Si  to  a  density  of  -4  x  1018 
cm  and  had  a  thickness  of  ~0.5  pm.  The  n  layer  was  unintentionally  ?z-type  (<10  cm  )  and  had  a 
thickness  of  -0.25  pm.  The  p  layer  was  doped  with  Zn  to  a  density  of  -2  x  1019  cm"3  and  had  a  thickness 
of  -0.25  Jim.  Even  though  the  p  layer  is  heavily  doped  with  Zn,  it  has  a  relatively  low  hole  concentration. 
This  may  be  understood  by  considering  the  relatively  large  value  of  the  binding  energy  EA  for  Zn  acceptors 
and  the  effect  of  compensation  due  to  the  presence  of  background  donor  impurities. 

In  compensated  p- type  semiconductors,  the  hole  concentration  p  is  given  by  [1 1] 

p(p  +  Nd)/(Na  -Nd-p)  =  (2nmdkBT/h2f/2 exp {-EA/kBT)  (1.1) 

where  ND  is  the  donor  impurity  concentration,  NA  is  the  acceptor  impurity  concentration,  m d  is  the  hole 
density-of-states  effective  mass,  kB  is  the  Boltzmann  constant,  T  is  the  temperature,  and  h  is  the  Planck’s 
constant.  Using  Equation  (1.1),  we  have  calculated  p  as  a  function  of  ND  up  to  2  x  1018  cm"3,  taking  md  as 
equal  to  the  free  electron  mass  m0,  and  NA  =  2x  10  cm  .  The  calculated  values  of  p  are  plotted  in  Figure 
1-1  for  three  different  values  of  EA  equal  to  200,  300,  and  400  meV. 
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The  binding  energy  of  the  Mg  and  Zn  acceptors  in  GaN  has  been  deduced  to  be  224  and  400  meV, 
respectively,  from  the  energy  of  the  photoluminescence  peaks  arising  from  free  excitons  and  acceptor- 
bound  excitons  [12].  If  all  the  Zn  atoms  are  assumed  to  be  available  for  thermal  excitation  of  holes,  the  p  vs 
Nd  curve  for  EA  =  400  meV  in  Figure  1  - 1  would  imply  a  value  of  p  ~  5  x  1 0 1 5  cm'3  for  uncompensated  (ND 
=  °)  material.  However,  we  expect  ND  ~  lx  1017  cm'3,  based  on  the  carrier  concentration  in  the 
unintentionally  n-type  material.  For  this  value  of  ND,  p  is  ~3  x  1014  cm'3,  which  is  more  than  an  order-of- 
magnitude  smaller  than  the  corresponding  value  for  the  uncompensated  material. 

Diodes  used  in  this  work  were  fabricated  as  in  [5]  with  the  exception  that  the  semitransparent 
window  was  replaced  with  an  opaque  55-nm  Ti/340-nm  Au  film.  Electrical  contact  with  the  p  layer  was 
made  by  attaching  a  gold  wire  to  this  Ti/Au  film.  Electrical  contact  with  the  n  layer  was  made  with  an 
indium  dot  that  was  soldered  to  a  nearby  region  from  which  both  the  oxide  and  the  p  layers  had  been 
removed. 

We  made  C-V  measurements  on  one  of  the  diodes  with  a  diameter  of  40  fxm,  using  a  Hewlett- 
Packard  CV  meter  model  4284,  which  allows  the  application  of  reverse  bias  up  to  40  V.  The  low 


Figure  1-1.  Calculated  values  of  the  hole  concentration  p  vs  donor  impurity  concentration  ND  in  compensated  GaN 
with  acceptor  impurity  concentration  NA  of  2  X 1019  cm3  for  acceptor  binding  energy  EA  of 200,  300,  and  400  mV 


2 


0.52 


343873-2 


0.27 


Figure  1-2.  Measured  capacitance  C  (solid  curve),  and  calculated  width  W  (dashed  curve)  of  the  depletion  region  as 
a  function  of  the  applied  reverse  bias  voltage  for  a  40-jJm-diam  GaN  p-n-n  diode. 


capacitance  (<1  pF)  of  the  GaN  diodes  and  the  presence  of  relatively  high  noise  in  the  measurement 
laboratory  required  filters  and  a  Faraday  cage  around  the  probing  station  for  reliable  C-V  measurements. 
The  measurements  were  made  at  a  frequency  of  1.0  MHz.  Figure  1-2  shows  the  measured  capacitance  C  as 
a  function  of  the  applied  reverse  voltage  VR. 

The  capacitance  of  a  diode  is  given  by 

C  =  eQ£A/W  (1.2) 

where  £q  =  8.854  x  10'12  F/m  is  the  electric  permittivity  of  the  vacuum,  e  is  the  dielectric  constant  of  GaN, 
A  is  the  area  of  the  diode,  and  W  is  the  width  of  the  depletion  region.  Using  a  value  of  e  =  9.6  for  GaN,  A  = 
1.26  x  10~9  m2,  and  the  measured  values  of  C  in  Equation  (1.2),  we  have  calculated  values  of  W  as  a 
function  of  VR.  A  plot  of  W  vs  VR  is  included  in  Figure  1-2. 

The  derivative  of  1/C2  with  respect  to  VR  is  given  by 

d(\/C2)j/dVR  =  2/(eA2£0£N))  (1.3) 

with 

N  =  (nd+Na-)/(nd+  +  Na~)  (1.4) 
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where  e  is  the  magnitude  of  the  electronic  charge,  ND+  is  the  concentration  of  the  ionized  donors  in  the 
depleted  n  or  n  '  layer,  and  NA~  is  the  concentration  of  the  ionized  acceptors  in  the  depleted  p  layer. 
Assuming  that  NA~  »  ND+,  N  is  approximately  equal  to  ND+.  Thus,  a  determination  of  A  as  a  function  of 
Vft,  using  the  C-Y  data,  yields  values  of  8  x  10^’  and  2  x  1 0 '  ^  cm  '’  for  the  donor  impurity  concentrations 
in  the  n  and  n+  layers,  respectively.  These  values  of  N  and  W  are  consistent  with  those  determined  from 
secondary  ion  mass  spectroscopy  (SIMS)  data  for  a  piece  of  the  same  wafer. 

The  current- voltage  measurements  were  made  on  a  20-/im-diam  diode  placed  on  the  cold  finger  of  a 
Joule-Thomson  refrigerator  [13],  using  a  Hewlett-Packard  semiconductor  parameter  analyzer,  model  4145 
A.  Figure  1-3  shows  the  measured  reverse  current  plotted  against  VR  for  7=  248,  223, 173,  and  123  K.  The 
abrupt  increase  in  the  current  at  high  values  of  VR  indicates  the  onset  of  avalanche  breakdown.  Note  the 
monotonic  increase  in  the  breakdown  voltage  with  temperature. 

The  variation  of  the  breakdown  voltage  with  temperature  can  be  understood  in  terms  of  a  simple 
model  for  the  scattering  of  electrons  and  holes  by  phonons  as  follows.  The  energy  gained  by  a  charge 
carrier  accelerated  in  an  electric  field  is  proportional  to  its  mean  free  path  A  and  the  magnitude  of  the 
applied  electric  field.  The  energy  gain  necessary  for  impact  ionization  must  be  at  least  equal  to  the  energy 
gap  Eg.  Assuming  that  A  is  limited  by  phonon  scattering,  the  variation  of  A  with  temperature  is  given  by 
[14] 
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Figure  1-3.  Reverse  current  vs  applied  reverse  voltage  for  a  20-pm-diam  GaN  p-n-n  f  diode  at  T  =  248 ,  223  173 
and  123  K. 
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Figure  1-4 .  Breakdown  voltage  vs  temperature  of  a  20-pm-diam  GaN  p-n-n+  diode;  the  open  circles  denote  the  data 
points  while  the  line  represents  the  best  fit  to  the  data ,  using  a  simple  model  for  the  scattering  of  electrons  and  holes 
by  phonons. 


X  =  Xq{2N  +  \)  1  (1.5) 

where  Aq  is  the  mean  free  path  at  T  =  0  K,  and  N  is  the  phonon  occupation  number  given  by 

N  =  [exp(/i  /  kBT )  -  lj  1  (1.6) 

where  hvq  represents  the  effective  energy  of  the  phonons  involved  in  the  scattering  process.  Hence,  the 
breakdown  voltage  is  given  by 

VB=[EgW/eX0]{2N  +  \)  (1.7) 

Using  Equation  (1.7)  and  the  values  Eg  (300  K)  =  3.4  eV,  dE^dT  =  0.67  meV/K  [15],  Aq  =  13  nm,  and  hvq 
=  42.3  meV,  we  have  fit  the  model  to  the  data,  as  shown  in  Figure  1-4.  Clearly,  there  is  a  good  fit  of  the  data 
to  the  model.  The  13-nm  value  for  Xq  is  typical  of  the  values  observed  in  semiconductors.  The  42.3-meV 
value  for  the  effective  phonon  energy  is  in  the  range  of  the  energies  of  the  Raman-active  phonons  [16]: 
17.8  [E2],  65.8  [A!  (TO)],  69.3  [Ej  (TO)],  70.3  [E2],  87.7  [ A j  (LO)],  and  91.7  [E{  (LO)]  meV. 

For  T  >  200  K,  the  predicted  increase  of  VB  with  temperature  is  approximately  linear  with  dVg/dT 
~  0.2  V/K,  compared  with  the  much  smaller  values  of  0.02  and  0.004  V/K  in  [8]  and  [9],  respectively.  The 
lower  values  of  VB/d'I\  as  obtained  in  the  previous  work,  may  be  related  to  the  presence  of  defects 
responsible  for  the  observation  of  microplasmas. 
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Assuming  that  the  electric  field  in  the  depletion  region  is  uniform,  the  avalanche  breakdown 
condition,  as  obtained  from  Equation  28  in  [17],  is  given  by 

{ocB-pB)/{\na-\np)  =  yW  0-8) 

where  aB  and  fiB  are  the  impact  ionization  coefficients  at  breakdown  for  the  electrons  and  holes, 
respectively.  When  aB  and  fiB  are  of  the  same  order  of  magnitude,  the  breakdown  condition  may  be  written 
in  a  simpler  form  as 


{aBpB)l/2=l/W  (!-9) 

which  implies  that  the  effective  value  of  the  impact  ionization  coefficient  at  breakdown  is  equal  to  the 
geometric  mean  of  aB  and  fiB .  Equation  (1.9)  is  attractive  from  the  point  of  view  of  physical  intuition. 
Substituting  W  =  0.26  pm  in  Equation  (1.9),  we  obtain  (ttBpB)l/2  =  4x  104  cm"1,  independent  of  the 
temperature.  From  the  curve  in  Figure  1-4,  the  breakdown  voltage  at  300  K  is  103  V,  corresponding  to  an 
electric  field  of  4  MV/cm.  For  this  value  of  the  electric  field,  the  theoretical  values  [18]  of  a  and  ft  are  5  x 
104  and  4  x  104  cm"1,  which  are  in  good  agreement  with  our  deduced  value  of  4  x  104cm_1  for  (otBPB)^/2. 

The  results  presented  here  have  an  important  implication  regarding  the  performance  of  GaN  APDs. 
The  fact  that  the  electron  and  hole  multiplication  rates  are  nearly  equal  implies  the  presence  of  excess 
noise  for  continuous  operation.  However,  this  excess  noise  may  not  be  important  in  the  case  of  the  Geiger¬ 
mode  operation  for  the  detection  of  single  photons. 

R.  L.  Aggarwal  R.  J.  Molnar 

I.  Melngailis  M.  W.  Geis 

S.  Verghese  L.  J.  Mahoney 
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2.  ELECTRO-OPTICAL  MATERIALS  AND  DEVICES 


2.1  LATTICE  MISFIT  STRAIN  RELAXATION  DETERMINATION  IN  QUANTUM-DOT 

HETEROSTRUCTURES 

The  incorporation  of  low-dimensional  quantum-dot  heterostructures  can  impart  novel  and  unique 
properties  to  a  material  [1].  There  are  many  techniques  that  can  be  used  to  obtain  quantum-dot 
heterostructures;  one  of  the  most  common  is  the  Stranski-Krastinow  (S-K)  growth  mode.  This  growth 
mode  is  characterized  by  formation  of  nanometer-size  islands  having  a  hemispherical  cap  shape  from  an 
initially  flat,  highly  lattice  misfit  strained  monolithic  film.  The  S-K  technique  has  an  important  limitation  in 
that  there  is  typically  little  control  of  the  physical  properties  of  the  obtained  quantum-dot  heterostructures, 
such  as  the  distribution  of  island  size  and  the  state  of  misfit  strain  relaxation  of  the  islands. 

Because  quantum-dot  heterostructures  are  typically  not  uniform,  less  conventional  techniques  will 
be  required  for  characterizing  their  relevant  physical  properties.  Here,  we  describe  a  Moire  pattern  analysis 
using  transmission  electron  microscopy  (TEM)  to  characterize  the  state  of  lattice  misfit  strain  relaxation  in 
quantum-dot  heterostructures. 

Moire  patterns  arise  from  the  interference  between  two  highly  periodic  structures.  For  the  present 
TEM  analysis,  the  periodic  structures  are  the  lattice  planes  of  the  matrix  and  quantum-dot  materials.  The 
Moire  patterns  can  be  analyzed  to  determine  the  lattice  spacings,  and  changes  in  lattice  spacings,  of  the 
quantum  dot  material  and  the  matrix  material,  and  therefore  a  measure  of  the  lattice  strain  is  obtained.  For 
quantum-dot  heterostructures,  there  can  be  rotational  Moire  patterns  where  the  lattice  planes  of  the  matrix 
and  the  quantum  dot  are  rotated  with  respect  to  each  other  by  an  angle  a,  parallel  Moire  patterns  where  the 
spacing  of  the  lattice  planes  of  the  quantum-dot  d\  and  matrix  d2  are  naturally  different,  or  a  combination 
of  the  two.  The  spacing  of  the  Moire  pattern  D  having  both  rotational  and  parallel  character  is  given  by  the 
following  relation  [2]: 

D  =  dxd2l(d?  +  d2  -  2</1<f2cosct)0'5  (2.1) 

Shown  in  Figure  2-1  is  a  centered-dark-field  image  of  an  array  of  quantum  dots  whose  composition 
is  essentially  PbSe  within  a  matrix  of  PbTe.  The  inset  shows  the  electron  diffraction  pattern  and  the  g- 
vector  that  were  used  to  choose  the  appropriate  imaging  conditions.  The  imaging  conditions  were  adjusted 
so  that  a  Moire  pattern  from  the  interference  between  the  (022)  planes  of  the  PbTe  and  PbSe  was  obtained. 
By  analysis  of  the  crystallography,  it  can  be  noted  that  the  Moire  pattern  is  essentially  parallel  in  character. 
In  this  case,  the  relation  for  the  spacing  of  the  Moire  pattern  simplifies  to 


D  =  dxd2l(d.y-  d2)  (2.2) 

The  Moire  pattern  can  therefore  be  used  for  a  direct  determination  of  the  spacing  of  the  PbSe  (022) 
lattice  planes  since  the  PbTe  (022)  lattice  planes  are  assumed  to  be  fully  relaxed  with  no  strain.  Hence,  we 
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Figure  2-1.  Cross-sectional  centered-dark-field  transmission  electron  micrograph  of  a  hetero structure  quantum-dot 
array .  The  Moire  patterns,  obtained  by  interference  between  the  quantum-dot  and  matrix  lattice  planes,  are  visible  as 
bright  parallel  lines  within  the  matrix  material. 


obtain  a  measure  of  the  state  of  misfit  strain  relaxation  of  the  PbSe  quantum-dot  material  For  the  present 
case,  we  find  that  the  PbSe  quantum-dot  heterostructures  have  undergone  essentially  complete  strain 
relaxation.  That  is,  the  spacing  of  the  PbSe  (022)  lattice  planes  is  measured  to  be  that  of  unstrained  PbSe. 
This  interesting  result  demonstrates  the  utility  of  the  present  Moire  analysis  for  the  determination  of  the 
state  of  misfit  strain  relaxation  in  quantum-dot  heterostructures.  Further,  because  there  is  typically  a  large 
distribution  in  size  of  the  S-K  islands  of  the  quantum-dot  heterostructure,  we  are  currently  extending  the 
present  Moire  pattern  analysis  using  the  three-dimensional  critical  thickness  criterion  described  by  Luryi 
and  Suhir  [3]. 

P.  J.  Taylor  T.  C.  Harman 

D.  L.  Spears  M.  P.  Walsh 

P.  M.  Nitishin  R.  L.  Slattery 
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3.  SUBMICROMETER  TECHNOLOGY 


3.1  INTERFERENCE  LITHOGRAPHY  AT  157  nm 

Optical  lithography  at  157  nm  has  emerged  as  the  preferred  technology  for  the  100-70-nm  node  [1]. 
In  a  relatively  short  time,  significant  progress  has  been  made  in  confronting  the  obstacles  to  the 
implementation  of  this  technology  [2], [3].  However,  this  progress,  particularly  in  the  area  of  resist  and 
process  development,  has  been  slowed  by  the  lack  of  high-resolution  exposure  tools.  Current  fielded  tools 
include  a  home-built  microstepper  at  MIT  Lincoln  Laboratory,  along  with  several  other  microsteppers  now 
coming  on  line.  These  tools  suffer  from  a  relatively  small  field  size,  low  numerical  aperture  (0.5-0.7),  and 
aberrations  which  limit  printing  to  dense  features  above  1 00  nm.  These  systems  also  are  not  ideally  suited 
for  resist  development,  because  they  do  not  easily  enable  the  decoupling  of  optical  performance  from 
intrinsic  resist  properties. 

Interference  lithography  [4], [5]  provides  a  straightforward  means  of  printing  dense  50-nm  features 
over  large  areas.  In  interference  lithography  the  intersection  of  two  coherent  laser  beams  at  a  surface 
creates  a  sinusoidal  intensity  profile: 

/(x)  =  2/o[l  +  cos(4roi:sin0/A)]  (3-1) 

where  /0  is  the  intensity  of  each  beam  (assumed  to  be  equal),  26  is  the  angle  of  intersection  of  the  beams 
(see  Figure  3-1),  and  A  is  the  laser  wavelength.  The  nonlinear  response  of  a  photoresist  can  then  transform 
this  aerial  image  into  a  pattern  of  lines  and  spaces.  Interference  lithography  has  several  advantages, 
including  an  essentially  unlimited  field  size,  a  subwavelength  spatial  period 

A  =  -J—  (3>2) 

2  sin# 

and,  particularly  important  for  the  present  effort,  simple  optical  design  with  no  curved  optics. 

Interference  lithography  at  157  nm  presents  challenges  not  faced  at  longer  wavelengths  where  highly 
coherent  sources  are  available.  Because  of  the  short  (~10— 50  /im)  spatial  coherence  of  the  F2  laser,  the 
wavefronts  of  the  two  beams  at  the  sample  surface  must  overlap  to  within  this  coherence  length.  Previous 
systems  using  such  quasi-coherent  light  for  achromatic  interference  lithography  have  relied  on 
interferometers  based  on  gratings,  which  must  be  period  matched  to  within  parts-per-million  levels  [6], [7]. 
Our  setup,  shown  in  Figure  3-1,  avoids  these  tight  tolerances  with  a  design  similar  to  a  Jamin 
interferometer  [8], [9].  The  incoming  beam  is  split  into  two  arms  by  reflection  and  refraction  from  two 
rectangular  CaF2  plates.  The  two  arms  are  then  reflected  from  Si  mirrors  to  recombine  on  the  surface  of  a 
resist-covered  substrate.  The  nominal  angle  of  intersection,  6  =  60°,  yields  a  predicted  period  of  91  nm 
[Equation  (3-2)].  The  field  size  is  limited  by  the  input  aperture  of  the  system  with  a  maximum  of  ~8  mm2. 
The  angle  of  the  final  Si  mirrors  can  be  adjusted  to  align  the  beams  at  the  resist  surface.  Coarse  alignment 
is  accomplished  by  placing  a  100-jUm  pinhole  in  the  beam  and  merging  the  two  arms  visualized  on  a  trans- 
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Figure  3-1 .  Optical  schematic  of  the  interference  lithography  system;  all  components  are  uncoated.  The  output  of  a 
157-nm  laser  enters  from  the  bottom  and  is  split  into  two  arms  by  the  CaF^  plates.  The  arms  then  reflect  off  Si  mirrors 
and  intersect  at  the  sample  surface.  Alignment  of  the  two  beams  is  achieved  by  adjusting  the  angle  of  the  final 
mirrors. 


parent  fluorescent  screen.  Fine  alignment  is  determined  by  imaging  in  photoresist.  The  total  transmission 
of  the  system,  -0.24%,  could  easily  be  increased  with  reflective  coatings  on  the  Si  mirrors  and  the  back 
surfaces  of  the  CaF2  plates. 

Scanning  electron  micrographs  of  samples  exposed  in  this  system  are  shown  in  Figures  3-2  through 
3-6.  The  samples  consist  of  a  commercial  deep-ultraviolet  (DUV)  resist  (UV6,  Shipley)  on  Si.  Because  this 
resist  absorbs  strongly  at  157  nm  (absorbance  =  6.9//im),  a  layer  only  50-nm  thick  was  used.  Figure  3-2 
shows  a  line-and-space  pattern  with  a  period  of  94  nm  and  approximately  equal  lines  and  spaces.  Note  that 
there  is  very  little  line  edge  roughness,  indicating  that  the  intrinsic  performance  of  acid-catalyzed  resists 
may  meet  critical  dimension  (CD)  control  requirements  at  this  feature  size.  The  line-and-space  pattern  was 
visible  over  extended  areas,  as  shown  in  Figure  3-3.  While  not  entirely  uniform  over  the  exposed  area,  the 
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Figure  3-2.  Scanning  electron  micrograph  of  a  50-nm-thick  deep-ultraviolet  resist  (UV6),  exposed  with  the  157-nm 
interference  lithography  tool.  The  period  is  94  nm.  Note  the  minimal  line  edge  roughness. 


340216-2 


2 

Figure  3-3.  Expanded  view  of  Figure  3-2  showing  the  same  94-nm  period  pattern  extending  over  10  pm  .  The 
pattern  is  visible  over  the  whole  exposed  area. 
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Figure  3-4.  Cross-sectional  view  of  patterned  resist.  These  are  patterns  obtained  in  the  very  first  exposures  with  our 
interference  lithography  system.  The  cross-sectional  profiles  indicate  that  further  system  and  process  optimization  is 
required. 


340216-4 


Figure  3-5.  Multiple  exposures  can  create  patterns  that  are  more  complex  than  lines  and  spaces .  This  image  was 
obtained  with  two  exposures  crossed  at  -90°. 
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Figure  3-6.  The  interference  pattern  is  sensitive  to  the  spatial  coherence  of  the  laser.  Contrast  increases  and  then 
decreases  again  as  one  arm  is  translated  with  respect  to  the  other.  Each  micrograph  represents  an  additional 
translation  of  18  pm.  The  results  provide  an  estimate  of  the  spatial  coherence  length  of  the  I'  2  laser. 


pattern  was  found  in  every  area  of  the  ~0.75-mm2  field  that  was  examined.  Figure  3-4  shows  a  cross- 
sectional  view  of  the  exposed  pattern.  We  note  that  these  were  among  the  very  first  exposures  obtained  on 
our  system.  The  rounded  profiles  indicate  that  further  optimization  of  the  optics  and  of  the  resist  processing 
is  needed.  We  expect  that  ongoing  improvements  to  the  system  will  allow  better  alignment  and  thus  a 
better  aerial  image.  Finally,  interference  lithography  is  not  limited  to  simple  line-and-space  patterns. 
Figure  3-5  shows  a  lattice  pattern  of  ~50-nm-diam  openings  in  resist,  formed  by  two  crossed  exposures. 
Additional  exposures,  along  with  the  introduction  of  a  mask,  can  be  used  to  create  arbitrary  patterns  with 
interference  lithography  [10],[11], 

While  sensitivity  to  the  spatial  coherence  of  the  F2  laser  presents  special  difficulties  for  interference 
lithography  at  157  nm,  it  also  provides  a  means  to  measure  the  laser  coherence  length.  Figure  3-6  shows 
micrographs  that  result  from  translating  one  beam  with  respect  to  the  other.  In  the  left  image  the  contrast  of 
the  interference  pattern  is  very  low.  Translating  one  beam  18  pm  yields  a  high  contrast  pattern  (center 
image),  and  a  second  1 8-um  translation  results  in  another  low  contrast  image  (right  image),  providing  a 
rough  estimate  of  the  laser  spatial  coherence  length,  ~40  pm. 

Development  of  157-nm  interference  lithography  is  ongoing,  and  the  results  reported  here  are  only 
preliminary.  Nevertheless,  they  already  indicate  that  such  a  system  is  very  useful  for  sub-100-nm  resist 
development,  as  well  as  for  process  development  at  those  dimensions  (such  as  pattern  transfer),  and  for  the 
fabrication  of  specialized  devices. 

M.  Switkes 
T.  M.  Bloomstein 
M.  Rothschild 
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3.2  ENCAPSULATED  INORGANIC  RESIST  TECHNOLOGY 


All  manufacturing  of  integrated  circuits  has  been  enabled  by  high-performance  spin-on  organic 
polymeric  resists,  but  resolution  in  traditional  single-layer  organic  resists  has  been  limited  by  the  inability 
to  image  at  aspect  ratios  (resist  height  to  image  width)  of  much  greater  than  3:1.  As  critical  features 
approach  25  nm,  resist  thickness  is  expected  to  drop  to  under  100  nm,  a  thickness  that  does  not  allow 
plasma  image  transfer  into  underlying  layers  even  with  a  several-fold  improvement  in  plasma  etch 
selectivity.  For  lithography  to  continue  to  enable  integrated  circuit  manufacture,  either  this  limiting  3:1 
aspect  ratio  must  be  broken  or  plasma  etch  resistance  must  be  improved  by  an  order  of  magnitude. 
Multilayer  resist  schemes  offer  the  capability  of  increased  aspect  ratio,  but  they  add  to  the  process 
complexity  and  cost  [12]— [17].  We  have  studied  encapsulated  inorganic  materials  as  resist  components 
with  the  goal  of  developing  a  proof-of-concept  resist  system  ultimately  capable  of  sub-100-nm  resolution 
with  sufficient  plasma  etch  selectivity.  These  resist  systems  will  act  as  a  single-layer  hard  mask  compatible 
with  existing  resist  processing  steps. 

Encapsulated  inorganic  resist  technology  (EIRT)  produces  a  fundamentally  new  type  of  resist 
material,  which  will  be  compatible  with  conventional  resist  processing  such  as  spin  casting  from  organic 
solvents  and  development  with  aqueous  2.38%  TMAH  developers.  A  key  feature  of  the  resist  is  the  use  of 
encapsulated  inorganic  materials  as  resist  components,  a  fact  that  significantly  increases  the  plasma  etch 
selectivity  of  EIRT  resists  compared  to  conventional  polymeric  resists.  In  effect,  these  resist  systems  will 
act  as  a  photoimagable  single-layer  hard  mask,  although  use  as  the  top  layer  in  a  bilayer  resist  scheme  is 
certainly  possible. 

Our  goal  of  developing  a  proof-of-concept  resist  system  ultimately  capable  of  sub-100-nm 
resolution  with  high  plasma  etch  selectivity  required  that  the  EIRT  resists  be  capable  in  the  wide  array  of 
advanced  imaging  schemes  currently  under  consideration  for  nanometer  lithography.  These  resists  have  the 
potential  to  be  imaged  under  a  variety  of  advanced  imaging  techniques  such  as  X-rays,  extreme  ultraviolet, 
low-  and  high-kV  electrons,  and  extended  optical  wavelengths,  but  for  our  proof-of-concept  we  will  just 
show  examples  of  imaging  with  50-kV  electron  beams. 

Initial  lithography  using  EIRT  materials  was  performed  with  electron  beam  imaging  and  the  results 
are  compared  with  Shipley  UV5,  a  commercial  DUV  resist,  based  on  traditional  organic  polymers,  that  has 
shown  promise  as  an  electron  beam  resist.  The  SiC>2-containing  resists,  formulated  to  be  similar  to  UV5, 
were  prepared  to  contain  20,  33,  and  50%  10-20-nm-diam  Si02  nanoparticles  (weight  Si02  to  weight  of 
total  solids).  As  shown  in  Figure  3-7,  the  resists  containing  33  and  50%  Si02  exhibit  increased  dark  loss 
and  reduced  resist  contrast  when  compared  to  UV5.  The  increased  sensitivity  relative  to  UV5  is  likely  to  be 
a  result  of  the  lower  level  of  dissolution  inhibition  of  these  two  resists  compared  to  UV5.  What  is 
somewhat  surprising  is  that  the  resist  containing  20%  Si02  had  a  bulk  lithography  performance  identical  to 
that  of  UV5  in  terms  of  sensitivity,  contrast,  and  dark  loss.  Thus,  at  levels  of  20%  added  Si02,  the 
lithography  is  little  changed  from  that  of  a  resist  not  containing  the  Si02  nanoparticles. 
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Figure  3-7 .  Comparison  of  contrast  curves  of  encapsulated  inorganic  resist  technology  (EIRT)  resists  and  the 
commercial  resist  UV5  with  50-kV  electron  beam  exposure. 


The  effect  of  adding  20%  Si02  nanoparticles  to  a  resist  on  actual  resist  imaging  performance  was 
determined.  Figure  3-8  shows  scanning  electron  micrographs  (SEMs)  of  the  electron  beam  lithography  of 
UV5  and  a  similar  resist  containing  20%  Si02  nanoparticles.  The  200-  and  300-nm  dense  and  isolated 
lines  were  the  smallest  features  written  and  evaluated  with  our  electron  beam  pattern.  The  SEM  images 
show  that  little  difference  exists  in  either  resolution  or  resist  profiles  between  the  UV5  and  the  Si02- 
containing  resist.  This  initial  imaging  result  was  very  encouraging  and  prompted  a  study  to  evaluate  the 
effect  of  added  Si02  on  plasma  etch  resistance  and  also  to  determine  what  level  of  Si02  in  the  resist  is 
needed  to  substantially  improve  the  plasma  etch  resistance  of  the  resist. 

The  reactive  ion  etch  (RIE)  rates  of  resists  containing  10,  20,  33,  and  50%  Si02  nanoparticles  were 
compared  to  UV5  and  a  film  of  pure  Si02  nanoparticles.  The  results  of  etching  the  six  films  in  both  oxygen 
and  chlorine  plasma  are  seen  in  Figure  3-9  and  summarized  in  Table  3-1.  The  improvement  in  plasma  etch 
resistance  is  most  dramatic  in  the  oxygen  RIE  plasma  where  even  the  addition  of  only  10%  Si02  decreases 
the  plasma  etch  rate  by  half.  More  important,  the  incorporation  of  20%  Si02,  an  amount  that  gives  electron 
beam  imaging  similar  to  UV5,  reduces  the  plasma  etch  rate  to  a  quarter  of  the  original  rate.  It  is  clear  that 
as  Si02  content  is  increased  further,  the  etch  rate  in  an  oxygen  plasma  continues  to  decrease.  This 
reduction  in  plasma  etch  rate  will  translate  to  a  4-20  times  improvement  in  plasma  etch  selectivity  over 
UV5  at  Si02  levels  of  20-50%. 
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Figure  3-8.  Comparison  of  electron  beam  imaging  of 200-  and  300-nm  dense  and  isolated  lines  of  an  EIRT  resist  and 
the  commercial  resist  UV5. 
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Figure  3-9.  Comparison  of  reactive  ion  etch  rates  of  resists  containing  increasing  amounts  of  SiC>2  in  both  an  oxygen 
and  chlorine  plasma. 


20 


TABLE  3-1 

Comparison  of  RIE  Etch  Rates  of  Resists  in  Oxygen  and  Chlorine  Plasmas 


Resist 

Percent 

SiC>2 

Oxygen 
Etch  Rate 
(nm/min) 

Chlorine 
Etch  Rate 
(nm/min) 

UV5 

0% 

188 

95 

10%  Si02  Resist 

10% 

100 

63 

20%  Si02  Resist 

20% 

50 

52 

33%  Si02  Resist 

33% 

18 

42 

50%  Si02  Resist 

50% 

9 

28 

Si02 

100% 

3 
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The  chlorine  plasma  etch  rate  also  decreases  with  increasing  levels  of  Si02  incorporation  into  the 
resist.  The  addition  of  20%  Si02  to  the  resist  will  lower  the  chlorine  RIE  etch  rate  by  half,  and 
incorporation  of  50%  Si02  into  the  resist  will  reduce  the  etch  rate  to  a  third.  It  should  be  noted  that  both  the 
oxygen  and  chlorine  plasmas  were  run  at  relatively  high  dc  bias  of  — 460  and  -370  V  and  thus  have  a 
significant  nonselective  sputter  etch  component.  Plasma  etch  process  optimization  could  lead  to  further 
improvements  in  etch  selectivity  of  the  Si02  resists  over  a  traditional  polymeric  organic  resist. 

These  results,  combined  with  the  previous  electron  beam  results,  constitute  a  proof-of-concept  that 
resists  developed  from  the  EIRT  concept  can  both  image  similarly  to  a  commercial  resist  and  exhibit 
improved  plasma  etch  resistance.  This  makes  the  EIRT  resist  concept  a  candidate  for  both  single-layer 
resists  and  the  top  imaging  layer  of  bilayer  resist  schemes.  Furthermore,  the  use  of  transparent  Si02 
nanoparticles  makes  the  EIRT  resist  system  especially  useful  for  sub-200-nm  wavelength  optical  exposure 
systems,  especially  193  and  157  nm,  where  improved  plasma  etch  resistance  can  be  imparted  by  the  use  of 
the  thicker  transparent  EIRT  resists. 

T.  H.  Fedynyshyn  E.  Matijevic 
S.  P.  Doran  I.  Sondi 

M.  L.  Lind 
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4.  BIOSENSOR  AND  MOLECULAR  TECHNOLOGIES 


4.1  EFFECT  OF  ENVIRONMENTAL  CONTAMINANTS  ON  THE  SURVIVABILITY  OF 

ENGINEERED  B  CELLS  USED  IN  A  BIOELECTRONIC  SENSOR 

The  development  of  CANARY  (Cellular  Analysis  and  Notification  of  Antigen  Risks  and  Yields),  a 
novel  bioelectronic  sensor  to  detect  and  identify  pathogens,  has  been  previously  described  [l]-[3].  One  of 
the  key  elements  of  the  sensor  is  an  immortalized  B  cell,  a  type  of  white  blood  cell.  The  B  cells  have  been 
genetically  engineered  to  express  three  genes:  two  result  in  expression  of  an  antibody  on  the  surface  of  the 
B  cell  capable  of  recognizing  and  binding  a  specific  antigen  (i.e.,  viruses  or  bacteria),  and  one  produces  a 
protein  that  emits  photons  in  response  to  the  specific  binding  of  the  antigen  to  the  antibody. 

This  cell-based  biosensor  will  be  used  in  the  field  to  warn  of  pathogens  in  the  environment. 
However,  under  sampling  conditions,  the  sensor  will  also  be  exposed  to  a  vast  assortment  of  common 
environmental  contaminants.  The  B  cell  must  not  only  be  able  to  withstand  the  assault  of  potentially  toxic 
substance  but  also  retain  its  ability  to  function  specifically  in  response  to  antigens.  A  series  of  dose- 
response  and  duration  of  exposure  experiments  were  designed  to  test  the  robustness  of  the  B  cells  in  the 
presence  of  several  potential  field-condition  contaminants. 

The  design  of  the  microfluidic  sensor  is  such  that  the  cells  will  be  exposed  to  soluble  and  insoluble 
microscopic  components  in  air  samples,  rather  than  macroscopic  particles.  Therefore,  to  more  closely 
simulate  actual  operating  conditions  of  the  sensor,  soluble  and  <0.2-/J,m  particulate  contaminants  were 
extracted  from  chimney  soot,  urban  particulate  matter,  and  several  types  of  soil.  Diesel  exhaust  fumes  were 
collected  onto  dispersed  cellulose  matrices  using  an  air  sampler  at  a  flow  rate  of  1.0  L/min  for  2, 6, 11,  and 
15  min  prior  to  extraction.  B-cell  viability  determined  before  and  after  exposure  to  various  concentrations 
of  the  contaminants  is  shown  in  Figure  4-1.  After  24  h  of  continuous  exposure  to  chimney  soot  or  urban 
particulate  matter  [Figure  4- 1(a)]  or  diesel  exhaust  [Figure  4- 1(b)],  the  B  cells  were  found  to  be  extremely 
resistant  to  all  but  the  highest  concentrations  of  contaminant.  Additionally,  a  tenfold  dilution  of  diesel 
exhaust  and  chimney  soot  and  a  100-fold  dilution  of  urban  particulate  matter  samples  were  sufficient  to 
restore  viability  to  a  level  comparable  to  controls.  Figure  4- 1(c)  shows  that  of  the  four  different  types  of 
soil  tested — montmorillonite,  silt  loam,  clay  loam,  and  barnyard  muck — cell  viability  was  unaffected,  even 
after  72  h  of  exposure  to  nearly  saturated  extracts. 

Since  length  of  exposure  might  influence  the  degree  of  toxicity  and  thereby  impact  sensor  design  and 
operation,  we  investigated  how  duration  of  exposure  affected  viability.  Figure  4-2  shows  the  results  of  a 
washout  experiment  which  revealed  that  viability  was  reduced  only  50%  if  high  concentration  diesel 
contaminants  were  removed  after  4  h  of  exposure,  compared  to  a  99%  loss  of  viability  if  exposure  lasted 
24  h  or  longer. 

Results  from  these  experiments  indicate  that  the  B  cells  are  extremely  robust  at  all  but  the  highest 
concentrations  of  contaminants.  Additionally,  these  studies  were  all  designed  to  simulate  the  worst 
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Figure  4-1.  Viability  of  B  cells  in  the  presence  of  contaminants.  Dose-response  of  cells  after  exposure  to  (a)  urban 
particulate  matter  and  chimney  soot  extracts ,  (b)  diesel  exhaust  extracts  for  24  h  at  37°C '  and  (c)  saturated  solutions 
( 125-250  mg/ml)  of  soil  extracts  for  72  h  at  28° C. 


24 


4  24 
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Figure  4-2.  Undiluted  extracts  from  control,  6-,  77-,  and  15-L  samples  were  added  to  B  cells  at  time  zero. 
Contaminants  were  removed  and  replaced  with  fresh  media  after  4  and  24  h  of  exposure  at  28°C.  Viability  was 
assayed  at  72  hfrom  the  start  of  the  experiment. 


possible  conditions,  using  extremely  high  concentrations  of  and  long  exposures  to  contaminants.  It  is 
unlikely  that  cells  in  the  sensor  will  be  exposed  to  levels  and  durations  where  toxicity  will  be  a  factor. 
However,  being  aware  of  the  limitations  of  the  cells  will  give  a  much  clearer  indication  of  how  the 
biosensor  can  be  designed  and  operated  to  minimize  or  even  eliminate  deleterious  effects  from 
environmental  contaminants. 

These  experiments  were  carried  out  under  standard  culture  conditions  in  the  laboratory.  Future  plans 
include  studies  to  expand  these  findings  to  the  behavior  of  the  cells  in  the  sensor,  in  order  to  test  robustness 
and  the  ability  to  maintain  functionality  in  the  presence  of  contaminants  and  to  verify  that  contaminants  do 
not  induce  nonspecific  luminescence  of  the  cells. 

F.  E.  Nargi  M.  S.  Petrovick 

T.  H.  Rider  A.  M.  Young 

M.  A.  Hollis  J.  Chen 
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5.  ADVANCED  IMAGING  TECHNOLOGY 


5.1  DEVELOPMENT  OF  ANTIREFLECTION  COATINGS  FOR  CCD  IMAGERS 

Back-illuminated  charge-coupled  device  (CCD)  imagers  offer  the  possibility  of  high  quantum 
efficiency  over  a  broad  spectral  range  from  the  uv  into  the  near  infrared.  However,  antireflection  coatings 
(ARCs)  must  be  applied  to  the  back  surface  of  such  devices  in  order  to  minimize  reflection  losses  and 
couple  the  maximum  amount  of  radiation  into  the  detector.  For  most  applications,  such  as  surveillance, 
night  vision,  or  astronomy,  these  coatings  should  minimize  reflection  losses  over  the  broadest  wavelength 
range  possible.  However,  the  ARC  can  also  reduce  multiple  internal  reflections  (Fabry-Perot  effect)  in  the 
near  infrared  in  thinned  imagers.  We  describe  here  some  results  on  one-  and  two-layer  coatings  and  their 
impact  on  quantum  efficiency  and  Fabry-Perot  effects. 

The  selection  of  materials  suitable  for  ARCs  on  a  CCD  is  somewhat  limited  because  of  various 
constraints.  Because  of  its  relatively  large  refractive  index,  silicon  requires  high-index  films,  either  singly 
or  in  combination  with  a  second  lower-index  film,  for  optimum  matching.  The  sensitivity  of  the  CCD  to 
ionizing  radiation  precludes  film  deposition  by  e-beam  or  sputtering  techniques,  which  are  often  the  best 
methods  for  depositing  certain  materials.  We  have  used  thermal  evaporation  exclusively,  although  we  have 
begun  experiments  with  ion-assisted  deposition.  The  latter  can  lead  to  denser  films  with  characteristics 
closer  to  the  bulk  properties  of  the  materials. 

Three  high-index  materials  that  offer  good  performance  on  silicon  are  Ti02,  SiO,  and  Hf02.  These 
can  be  used  singly  or  in  combination  with  lower-index  materials  in  two-layer  coatings  for  broader 
wavelength  matching.  The  starting  point  for  designing  coatings  is  to  compute  the  reflectance  vs 
wavelength  and  select  film  thicknesses  that  minimize  reflectance  over  the  desired  band.  Figure  5-1  shows 
three  examples  of  such  calculations.  The  single-layer  Hf02  and  SiO  coatings  were  originally  selected  for 
narrowband  applications  and  designed  for  minimum  reflectance  at  400  and  600  nm,  respectively,  but,  as 
would  be  expected  of  single-layer  coatings,  they  do  not  offer  low  reflectance  across  a  wide  bandwidth.  The 
Ti02/Al203  coating  was  studied  with  the  goal  of  achieving  better  performance  across  the  range  from  400 
to  1000  nm.  It  would  also  be  desirable  to  attain  good  quantum  efficiency  into  the  uv,  but  this  is  difficult  for 
two  reasons.  First,  the  high  dispersion  of  silicon  in  the  range  200^400  nm  makes  it  difficult  to  match  with 
the  available  films.  Second,  the  back  surface  treatment  currently  used  in  our  imagers  leads  to  relatively 
high  photoelectron  losses  in  this  regime,  so  the  quantum  efficiency  would  be  low  in  any  case.  Another 
coating  currently  in  use  is  the  combination  Hf02/Si02.  Its  reflectance  spectmm  on  silicon  is  similar  to  that 
of  the  Ti02/Al203  results  in  Figure  5-1. 

Figure  5-2  shows  the  quantum  efficiency  of  devices  with  each  of  these  films.  The  light  source  for 
these  measurements  was  a  monochrometer  with  its  slits  set  at  maximum  opening  (maximum  bandwidth)  to 
suppress  the  interference  effects  described  below.  Further,  all  measurements  were  done  at  -50°C,  with  the 
exception  of  the  Hf02/Si02-coated  device.  The  Hf02,  as  expected,  does  well  in  the  blue,  and  the  SiO  in 
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Figure  5-1.  Calculated  reflectance  V5  wavelength  for  three  coatings  on  a  semi-infinite  silicon  substrate.  The  Hf02 
film  was  48  nm  and  the  SiO  80  nm.  For  the  two-layer  coating,  the  Ti02  was  160  nm  and  the  Al202  350  nm. 


Wavelength  (nm) 


Figure  5-2.  Measured  quantum  efficiency  on  back-illuminated  CCDs  with  various  coatings.  All  the  data  was  taken  at 
a  device  temperature  of—50°C  with  the  exception  of  the  Hf0~i/Si02  case,  which  was  at  room  temperature. 
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the  visible,  while  the  dual-layer  coatings  have  somewhat  broader  responses.  One  advantage  of  the  two- 
layer  coatings  in  the  near  infrared  is  attributable  to  better  matching  as  discussed  earlier,  but  in  addition  the 
devices  themselves  are  about  40-50  fjm  thick  in  comparison  with  10-20  fim  for  the  devices  with  the 
single-layer  coatings.  At  the  shorter  wavelengths  the  SiO  data  falls  rapidly  toward  400  nm  owing  to 
absorption  in  the  film.  The  Al203/Ti02  is  somewhat  worse  in  the  blue-green  than  the  Si02/Hf02,  even 
though  in  theory  it  should  do  better.  The  problem  with  the  former  is  that  we  found  it  difficult  to  deposit 
Ti02  and  A1203  by  evaporation  while  maintaining  stoichiometry.  These  films  tend  to  be  metal-rich,  which 
leads  to  high  absorption  losses,  unless  deposited  in  a  high  back  pressure  of  02.  Hf02  and  Si02,  on  the 
other  hand,  do  not  have  this  problem,  and  for  this  reason  we  now  use  this  combination  as  our  standard 
broadband  coating. 

One  annoying  problem  astronomers  face  in  using  thinned  back-illuminated  CCDs  arises  from  the 
Fabry-Perot  effects  in  the  range  from  approximately  800  to  1100  nm.  In  this  wavelength  band,  the  optical 
absorption  coefficient  in  silicon  is  longer  than  typical  device  thicknesses,  which  leads  to  multiple  internal 
reflections  and  corresponding  oscillations  in  device  quantum  efficiency.  This  effect  is  not  apparent  in  the 
data  of  Figure  5-2  because  the  monochronomator  used  in  those  measurements  had  its  slits  set  for  a 
bandwidth  greater  than  the  period  of  the  oscillations.  Another  aspect  of  this  problem  is  that  because  of 
device  thickness  variations,  the  quantum  efficiency  can  also  vary  strongly  as  a  function  of  position  on  the 
device.  This  effect  can  be  dramatically  seen  in  sky  images  where  the  narrowband  sky  glow  emission  from 
OH  ions  in  the  upper  atmosphere  [1]  produces  Newton’s  rings  in  the  imagery.  It  is  usually  difficult  and 
laborious  to  remove  such  artifacts  by  flat  fielding  or  pixel-by-pixel  calibration  techniques. 

We  have  been  able  to  minimize  these  effects  by  placing  a  reflectance  minimum  of  the  ARC  in  the 
near  infrared,  as  shown  in  Figure  5-1  for  the  case  of  the  Ti02/Al203  coating.  The  Fabry-Perot  interference 
effects  have  been  measured  on  devices  with  the  various  ARCs,  and  the  results  are  shown  in  Figures  5-3  and 
5-4.  In  this  case,  the  CCD  response  is  measured  as  a  function  of  wavelength  using  the  collimated  output  of 
a  monochronomator  whose  bandwidth  is  set  to  0.5  nm.  Figure  5-3  shows  plots  of  the  relative  deviation  of 
the  photoresponse  from  the  mean.  The  principle  oscillations  have  a  period  corresponding  to  multiple 
reflections  within  the  thin  silicon  membrane.  For  a  device  thickness  T,  the  period  of  these  oscillations  is  A2/ 
2 nT,  where  n  is  the  refractive  index  of  silicon.  This  yields  periods  of  about  6  nm  for  the  devices  shown 
here.  A  second,  longer-period  oscillation  of  a  few  10’s  of  nm  can  be  seen  in  some  cases,  and  we  believe  this 
results  from  the  epoxy  bonding  layer  used  to  attach  the  thinned  CCD  to  its  support  wafer. 

Figure  5-4  shows  the  peak-peak  response  deviation  from  Figure  5-3  as  a  function  of  wavelength.  The 
two-layer  coating  is  clearly  superior  as  expected.  It  should  be  noted  that  these  results  are  “worst  case”  in 
the  sense  that  they  represent  pure  collimation  and  a  limiting  narrow  bandwidth.  In  real  optical  systems  with 
finite  focal  ratios  the  interference  effect  would  be  reduced. 

B.  E.  Burke  J.  A.  Gregory 

C.  C.  Cook  T.  A.  Lind 

A.  H.  Loomis  P.  W.  O’Brien 
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Figure  5-3.  Plots  of  the  Fabry-Perot  interference  effects  on  three  devices  in  the  near  infrared  using  narrowband 
collimated  light. 
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Figure  5-4.  Peak-peak  deviation  of  the  device  response  due  to  fringing  as  a  function  of  wavelength  for  the  three 
devices  of  Figure  5-3. 
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6.  ANALOG  DEVICE  TECHNOLOGY 


6.1  WIDEBAND  PHOTONIC  PHASED-ARRAY  BEAMFORMER  DESIGN 

For  well  over  a  decade,  rf/photonic  techniques  [1],[2]  have  been  under  development  for  realizing 
wideband  agile-beam  rf  antenna  systems.  Much  of  this  work  has  centered  on  phased-array  systems  which, 
compared  to  mechanically  scanned  antennas,  offer  important  performance  features  including  multiple 
independent  beams,  rapid  scanning,  and  wide  instantaneous  bandwidth.  One  of  the  major  challenges  facing 
all  phased-array  antennas  is  reducing  the  size,  weight,  power,  and  cost  of  the  complex  hardware  required  to 
realize  high-performance  systems.  We  have  developed  beamformer  designs  based  on  rf/photonic 
techniques  for  wideband  phased-array  receive  antennas.  These  designs  offer  order-of-magnitude 
reductions  in  weight  over  conventional  all-rf  approaches.  While  these  beamformer  designs  exploit  recent 
advances  in  photonic  components  that  have  been  developed  principally  for  wavelength-multiplexed  fiber¬ 
optic  telecommunications,  continued  development  of  analog  rf/photonic  components  will  lead  to  signifi¬ 
cant  improvements  in  overall  beamformer  performance. 

Our  recent  work  has  focused  on  receive  phased-array  antenna  systems,  for  which  a  generic  rf/ 
photonic  architecture  is  shown  in  Figure  6-1.  The  rf  signal  from  each  element  or  subarray  modulates  an 
optical  carrier  wave  at  the  electrical-to-optical  (EO)  conversion  element.  For  true-time-delay  (TTD) 
beamforming,  which  is  required  for  wideband  squint-free  array  operation,  time  delays  appropriate  for  the 
beampointing  direction  are  applied  to  each  subarray  output,  and  the  combined  signal  is  converted  back  to 
rf  in  a  photoreceiver.  Because  of  its  light  weight,  low  loss,  and  ultrawide  bandwidth,  optical  fiber  is  an 
ideal  medium  for  performing  the  TTD  function.  Hybrid  approaches  combining  rf  techniques  for  fine-scale 
TTD  and  photonic  methods  for  coarse  TTD  show  particular  promise.  For  high-performance  systems,  EO 
conversion  is  typically  accomplished  using  a  cw  laser  and  external  electrooptic  modulator.  With 
components  available  today,  analog  modulation  bandwidths  of  10’s  of  GHz  are  readily  achieved. 

An  important  objective  of  any  beamformer  design  is  minimizing  component  count.  The  photonic 
beamformer  architectures  we  have  investigated  work  towards  this  objective  by  exploiting  recent  advances 
in  optical  wavelength  multiplexing  technology.  These  architectures  utilize  a  combination  of  (1)  spatial 
switching  between  fiber  elements,  and  (2)  wavelength-addressable  delay  [3].  Fiber-optic  1  x  N  switches 
with  low  insertion  loss  and  low  crosstalk  are  now  readily  available.  A  photonic  TTD  design  that  combines 
spatial  switching  and  wavelength  addressable  delay  is  shown  in  Figure  6-2.  A  fixed  wavelength  is  assigned 
to  each  input,  and  the  signals  are  combined  through  a  wavelength  multiplexer  onto  a  single  fiber.  A  1  x  m 
switch  selects  a  fiber  Bragg  grating  which  applies  the  appropriate  time  delay  to  each  wavelength 
component.  The  system  shown  could  be  used  for  a  linear  array  where  there  are  m  coarse  TTD  beam 
directions  and  k  independently  selected  fine-scale  tilt  angles,  thus  totaling  m  X  k  beam  directions.  Similar 
designs  can  be  configured  for  two-dimensional  beam  steering.  Photonic  beamformers  of  this  type  offer  a 
large  size  and  weight  savings  over  all-rf  designs  of  comparable  performance. 
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Figure  6-1.  Schematic  view  of  an  rf/photonic  phased-array  receive  antenna.  Subarray  if  output  signals  modulate  an 
optical  carrier  wave  (EO  converter)  and  the  signals  are  sent  via  optical  fiber  to  a  photonic  true-time-delay  (TTD) 
beamforming  network.  The  combined  signal  is  converted  back  to  rfto  provide  the  beam  output. 


The  dc  power  requirements  of  rf-to-photonic  conversion  is  an  important  system  consideration  for 
large  arrays.  This  is  particularly  true  for  receive  systems,  which  will  typically  have  a  large  number  of  EO 
converters  at  the  element  or  subarray  level.  To  maintain  a  low  system  noise  figure  a  drive  amplifier  prior  to 
the  EO  modulator  is  typically  required,  with  the  necessary  amplifier  gain  determined  largely  by  the 
modulator  sensitivity  V ^  laser  power,  and  downstream  optical  insertion  loss.  For  a  V„  of  4  V,  which  is 
available  today,  and  moderate  laser  power,  an  amplifier  gain  of  close  to  30  dB  is  required.  Depending  on 
system  dynamic  range  needs,  which  are  driven  by  the  signal  environment,  a  single  rf-to-photonic  EO 
converter  could  consume  in  excess  of  1  W  with  current  technology.  However,  reducing  modulator  Vn  to  a 
few  tenths  of  a  volt  can  result  in  eliminating  the  need  for  a  drive  amplifier,  thus  reducing  EO  converter 
power  requirements  to  under  100  mW. 

In  summary,  rf/photonic  techniques  that  exploit  the  small  size  and  weight  of  optical  fiber,  the  wide 
bandwidths  of  optoelectronic  components,  and  the  unique  capabilities  offered  by  wavelength  multiplexing 
offer  very  significant  opportunities  for  realizing  high-performance  array  antenna  systems. 

L.  M.  Johnson  G.  E.  Betts 
P.  A.  Schulz  P.  W.  Juodawlkis 

W.  G.  Lyons 
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Figure  6-2.  Schematic  diagram  showing  the  basic  functionality  of  a  wavelength-multiplexed  TTD  beamformer.  Each 
of  n  rf  inputs  is  assigned  an  optical  wavelength  and  the  signals  are  combined  in  a  wavelength  multiplexer.  A  1  xm 
spatial  switch  selects  a  fiber  Bragg  reflective  grating  that  applies  the  appropriate  time  delay  to  each  subarray  signal. 
The  combined  signal  is  then  converted  back  to  rf  in  the  optoelectronic  receiver. 
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7.  ADVANCED  SILICON  TECHNOLOGY 


7.1  MEMS  MICROSWITCHES 

Two  novel  microelectromechanical  systems  (MEMS)  switch  designs  for  use  in  microwave  circuits 
are  under  development.  One  of  the  designs  is  a  capacitive  type,  shown  in  Figure  7-1,  which  incorporates  a 
rolling  cantilever  and  is  a  direct  descendent  of  the  microshutters  described  earlier  [1].  This  device  can  be 
used  in  microwave  circuits  to  switch  in  or  out  components  or  circuit  stubs  in  a  microstrip  circuit,  for 
example.  The  second  design  is  similar  except  that  it  includes  a  dc  contact  at  the  end  of  a  much  shorter 
cantilever,  as  shown  in  Figure  7-2,  and  makes  a  very  compact  dc  switch.  This  microswitch  can  be  used  in 
the  same  applications  as  the  capacitive  switch  and  is  also  capable  of  being  configured  in  a  multi-element 
X-Y  array,  as  shown  in  Figure  7-3,  for  use  in  a  revolutionary  circuit  concept  for  a  new  class  of 
reconfigurable  microwave  circuits  and  antennas.  The  switches  within  the  array  can  be  individually 
actuated,  which  provides  the  means  to  modify  the  circuit  trace  and  therefore  allows  fine  tuning  or  complete 
reconfiguration  of  circuit  element  behavior.  Device  performance  can  be  reconfigured  over  a  decade  in 
bandwidth  in  the  nominal  frequency  range  1-100  GHz.  In  addition,  other  circuit  element  attributes  can  be 
reconfigured,  such  as  instantaneous  bandwidth,  impedance,  and  antenna  polarization.  This  will  enable  the 
development  of  next-generation  communication,  radar,  and  surveillance  systems  with  the  ability  to 
reconfigure  operation  for  diverse  operating  bands,  modes,  power  levels,  and  waveforms. 

The  rf  microswitches  are  fabricated  in  Lincoln  Laboratory’s  Microelectronics  Laboratory  using 
silicon  CMOS  processing  techniques.  The  cantilever  arm  is  formed  from  a  three-layer  deposition  of  350- 
nm  aluminum  sandwiched  between  two  100-nm  layers  of  controlled- stress  silicon  dioxide.  The  materials 
for  the  switch  were  chosen  because  silicon  dioxide  is  strong  and  resilient  and  has  low  density,  a  low 
Young’s  modulus,  and  a  low  expansion  coefficient.  This  combination  balances  the  high-expansion 
aluminum  and  provides  stability  over  temperature.  The  aluminum  combines  light  weight  with  high 
electrical  conductivity.  The  lower  silicon  dioxide  film  is  deposited  with  controlled  compressive  stress 
while  the  upper  film  is  deposited  with  tensile  stress.  In  the  resting  state,  the  built-in  stresses  of  the  silicon 
dioxide  films  curl  the  switch  cantilever  away  from  the  substrate  so  that  the  switch  contact  is  open,  and  the 
rf  impedance  is  high.  The  curling  motion  of  the  short  cantilever  arm  allows  the  microswitches  to  be  very 
compact,  while  at  the  same  time  providing  a  relatively  large  open-contact  separation  distance,  50  jUm  for 
the  capacitive  switch  and  -6  fim  for  the  dc  switch,  and  thus  large  on/off  impedance  ratios. 

The  scanning  electron  micrographs  shown  in  Figures  7-1  and  7-2  reveal  some  of  the  key  design 
innovations.  The  fabrication  process  allows  the  formation  of  corrugations  in  the  cantilever,  which  are  used 
to  adjust  the  stiffness  of  the  cantilever  arm  and  contact  region.  The  thickness  of  the  release  layer  provides  a 
step  change  in  height  in  the  cantilever  arm  next  to  the  attachment  area,  which  can  be  adjusted  to  tailor  the 
actuation  voltage.  Corrugations  have  been  incorporated  in  the  cantilever  arm  where  it  attaches  to  the 
substrate  to  provide  strain  relief.  Platinum  is  used  for  both  contacts  in  the  dc  switch,  and  the  process  also 
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Figure  7-L  Two  scanning  electron  micrograph  (SEM)  views  of  single  capacitive  microswitch .  The  moving  capacitor 
plate  can  be  seen  at  the  end  of  the  curved  cantilever. 
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Figure  7-2.  SEM  photos  of  the  dc  contact  microswitch  open  (top)  and  closed  (bottom)  states.  The  corrugations  that 
r  are  added  for  mechanical  stiffness ,  and  the  contact  dimples  can  be  seen  in  the  cantilever. 
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Figure  7-3.  Conceptual  diagram  of  two-dimensional  microswitch  array. 


permits  modifying  the  details  of  the  contact  region  so  that  a  variety  of  sizes  and  densities  of  contact  points 
can  be  investigated.  In  the  measurements  given  here,  devices  had  ten  contact  dimples,  each  2  jim  in 
diameter,  along  the  edge  of  the  50-/xm-wide  cantilever. 

To  facilitate  rf  measurements  single  switches  were  fabricated  in  a  50-Q  coplanar  waveguide  circuit 
on  a  high-resistivity  silicon  substrate.  The  switches  were  placed  across  a  gap  in  the  center  conductor  and 
measurements  were  made  using  coplanar  probes.  Results  from  a  capacitive  contact  version  of  the  switch 
are  shown  in  Figure  7-4.  The  closing  time  was  measured  to  be  3  fls,  the  opening  time  20  /js.  The  device 
successfully  switched  2  W  of  microwave  power  at  10  GHz.  The  on-to-off  impedance  ratio  was  200: 1 . 

The  dc  switch  measurements  are  shown  in  Figure  7-5.  The  switch  in  this  figure  had  a  contact 
resistance  of  8  £2,  while  other  switches  had  considerably  lower  resistance.  The  initial  yield  measurements 
for  these  early  results  were  90%  with  <10  £2  and  30%  with  <1.5  £2.  The  switching  speed  for  both  the 
opening  and  closing  was  <\  fis. 
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-0.6  dB  at  5  GHz  -0.3  dB  at  25  GHz 


Figure  7-4.  Measurement  of  capacitive  switch  characteristics .  Each  curve  is  a  superposition  of  the  measurement  of 
five  devices. 
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Figure  7-5.  Measurements  of  dc  switch  characteristics.  Each  curve  is  a  superposition  of  the  measurement  of  three 
devices. 
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